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Abstract

In this paper, the possibility of encapsulating Au metallic nanoparticles (MNPs) non-epitaxially
in a semiconducting and insulating shell was tested in order to explore their potential application
in photovoltaic thin films. The proposed synthesis of growing Ag onto Au, doping it with sulfur
and ion exchanging the Ag with Zn or Cd was shown to be successful through Transmission
Electron Microscopy (TEM) and UV/VIS spectra. The final products of the synthesis showed a
~50 – 100nm red shift of the Au MNP plasmon peak from its benchmark wavelength of ~525nm.
Introduction

The modern world is experiencing an ever increasing demand for energy sources. Fossil
fuels, such as coal, oil and natural gas, are able to meet these demands for the time being, but are
finite resources. Fossil fuels are burned to heat water to create steam, which is then used to drive
a turbine, generating electricity. But, by-products of nitroxides, sulfoxides (contributors to acid
rain) and carbon dioxide are produced in massive amounts, contributing to global warming and
other undesirable environmental outcomes.
Solar energy represents a renewable, almost infinite source of clean energy. Every day
the Earth is bombarded with enough energy to meet global energy demands for an entire year,
and the Sun will be around for millions of years, identifying it as an essentially infinite source of
energy. Solar Panels produce energy by using light sensitive materials to produce excitons,
excited electron-hole pairs. Connecting positive and negative electrodes will cause excited
electrons and their positive holes to migrate. Excited electrons will exit the light sensitive
material, enter a circuit, deposit its energy and then re-enter the material at the opposite
electrode, recombining with a hole.
However, solar panel technology suffers from low efficiency and high production costs.

Currently, monocrystalline silicon solar panels can reach efficiencies of about 17%i, but are
expensive to produce. Part of the problem arises from the Thick/Thin Paradox of photovoltaics:
the thicker the film, the more absorbance, but less efficiency (and vice-versa). This is caused by
the distance excitons must travel to reach the electrodes; as the distance increases, recombination
becomes more probable.
Recent advances in nano-technology have revealed that semiconducting Quantum Dots
(QDs) could be a viable alternative. One reason is their nano-scale size yields a drastic reduction
in production cost (significantly less materials are needed).
QDs are nanocrystals that are known to behave like, and be modeled as a Particle in a
Box (PB). This model states that as a crystal is made smaller, its electronic energy levels become
farther spaced apart. This occurs because the energy spectrum of the crystal changes from a
continuous stream to one that is more discreet. This is known as quantum confinement. Excitons
produced in QDs can also be harnessed by allowing them to migrate through the tunneling effect.
Tunneling is the possibility of something traveling between two points through a space that
classical physics models predict to be impossible.
When choosing a particular type of QD, it is very important that one with high chargecarrier mobility is chosen. This is the ability for excitons to travel from one QD to the next. If the
excitons cannot travel properly, they will be prone to recombination (electrons relaxing back into
a hole). If this happens, the overall efficiency will be severely limited.
PbS QDs have already been shown to be easily applied to photovoltaic thin films, but
they still suffer from a lack of high efficiency. Today, they can reach efficiencies of about 5%ii.
However, it has been shown that the efficiency of QD thin films can be increased when

combined with phenomena of surface plasmons, thus addressing the Thick/Thin Paradox
(thinner, but still absorbance and efficiency increase) iii. This is the second reason thin films of
QDs are a viable alternative.
Surface plasmon resonance is a feature of metallic nanoparticles (MNPs). Recently, they
have become a widely explored topic on their effects of QDs for lasersiv, light-emitting diodesv
and solar fuel productioniii. Surface plasmons of MNPs are known to couple with the excitons of
QDs and affect themvi through two distinct mechanisms: (1) plasmon-exciton energy transfer and
(2) modification of the local radiation field in semi-conducting domainsvi. (2) occurs when the
electrons at the surface of a MNP begin to resonate with incoming electromagnetic waves. This
causes an induced electromagnetic field to be produced by the MNP running parallel to the
surface of its thin film. Simply stated, incoming light is absorbed and re-emitted parallel to the
thin film. Typically, light that is not absorbed by a solar cell will just bounce off and away, but
MNPs cause light to be trapped along the surface and therefore dramatically increasing the
chances for absorption. MNPs do follow the PB model, but they are different from QDs. QDs
have well defined electronic structures, so they are capable of producing excitons. But, MNPs
retain the delocalized 'sea of electrons' feature metals exhibit, so they are incapable of producing
excitons.
The induced electromagnetic field of MNPs decays exponentially as it travels away from
its origin, so it is very important that the QDs the plasmons are coupling with are spatially close
enough to properly increase the efficiency. Weak coupling regimes have been fabricated and
estimated to increase efficiency by 80% under normal conditionsvi. Placing MNPs and QDs in
exceptionally close proximity is known as strong coupling; when QDs and MNPs are placed close

together, the effect of the plasmon-coupling increases non-linearlyvii, viii. Achieving a strong

coupling regime suggests that the QDs must be directly bound to the MNPs, but this is a
problem, because a bleeding effect would occur, where excitons will escape form one medium
into the other and recombine. Quenching of fluorescent QDs when placed closely to MNPs has
already been demonstrated in recent studies ix, x, xi. However, it has been suggested that a
core/shell method will allow for a strong coupling regime between the MNPs and QDs, without
the bleeding effect and maintaining quantum confinement.
The core/shell method is taking a MNP core and encapsulating it non-epitaxially, in an
inorganic, insulating shell. This method allows MNPs to be placed in close proximity to the QDs
and provide strong plasmonic coupling without or very little of the bleeding effect taking place.
This method has already been explored extensively using semiconducting shells xii, xiii, xiv. Using
short chained, organic ligands, such as MPA (3-mercaptopropionic acid), will allow for
appreciable charge mobility and close proximity to the MNPs. Thus, a strong regime is yielded,
while preserving exciton production, efficiency enhancement and quantum confinement.
This theory will be tested by attempting to grow a silver shell around a Au MNP, dope it
with sulfur and then ion exchange with Zn or Cd to create a core/shell Au/ZnS or Au/CdS
structure. For the rest of this paper, X/Y refers to a core/shell structure.
Experimental
Materials: Chloroform, ethanol (anhydrous, 95%; Aldrich), Au(III)Cl3, AgNO3 (99%,
Aldrich), sulfur (S8, 99.999%; Acros), Zn(NO3)2 hexahydrate (98%, Stream Chemicals),
Cd(NO3)2 tetrahydrate (99.999%, Aldrich), octane (anhydrous, 99.0%; Aldrich), oleyl amine
(70%, Aldrich). All Spectra were taken under UV/VIS Spectroscopy using a Cary 50 Scan

UV/VIS Spectrometer and Transmission Electron Microscopy (TEM) images of the samples
were provided by the University of Michigan, Ann Arbor, Michigan.
1. Synthesis of Au MNPs – The Au MNPs were synthesized by combining 0.011g
Au(III)Cl3 with oleyl amine under Argon in a 3-neck 50mL flask. It was heated to
100 degrees C for 30 minutes with stirring. The resulting mixture was split into two
15mL centrifuge tubes and mixed with ethanol in a 1:1 volume ratio and centrifuged.
This resulted in size selective precipitation (the MNPs are soluble in non-polar
solvents, not polar) as the larger, desired MNPs precipitate first. The precipitate was
re-dissolved in anhydrous toluene. UV/VIS spectra were taken by taking 0.1mL of the
cleaned solution and diluting it in 3mL toluene. The UV/VIS absorbance of the
Plasmon peak multiplied by 30 (dilution factor) was the number of units Au per mL
in the original solution. These materials were used in Step 2.
2. Synthesis of Au/Ag MNPs – To grow the Ag shell, 30 units (as above) of the cleaned
Au MNPs were placed in a 3-neck 50mL flask with 4.5 mL oleyl amine. 0.062g solid
Ag(NO3)2 was then added to the 3-neck flask under argon and heated to 120 degrees
C. UV/VIS absorbance was used to monitor the blue shifting of the Au Plasmon peak
over time by dissolving 0.1mL solution in 3mL toluene and measuring. A 40nm blue
shift from original position of ~525nm signals the end in this study according to
TEM, or until the desired shell thickness by blue shift. Cleaning was carried out the
same as in step 1, using a 4:5 ration of solution:ethanol. The Au/Ag MNPs were
redissolved using anhydrous toluene. These materials were used in Step 3.
3. Synthesis of Au/Ag2S – Note: Ag2S is oxygen sensitive. For the Ag2S shell, 10mL
oleyl amine was first degassed by heating to 120 degrees C for one hour under

vacuum with no argon. 0.005g sulfur was placed under argon in a 50mL flask and
2mL degassed oleyl amine was injected. 0.5mL of the sulfur solution was moved to
another 50mL flask and 2mL more of degassed oleyl amine added to properly dilute
it. The Ag/Au MNPs were placed in a 3-neck 50mL flask under argon and then
injected with the diluted sulfur mixture drop-wise while stirring at room temperature.
The UV/VIS spectrum of this mixture was checked regularly until the Au plasmon
absorbance peak has disappeared (0.1mL solution in 3mL toluene for measurement).
No cleaning needed, no excess sulfur is present. These materials were used directly in
Step 4.
4. Synthesis of Au/ZnS/CdS – 0.080g Zn(NO3)2, 1mL Methanol and 2 drops TBP
(tributylphosphine) were placed in a 50mL flask under argon (use 0.050g Cd(NO3)2
for a CdS shell). The Zn/Cd solution was then added to the 3-neck 50mL flask of the
Au/Ag2S. This was heated to 60 degrees C and stirred for twenty hours. Cleaned the
same as Step 2, redissolve in octane.
Results
Figures 1-4 are the UV/VIS absorbance spectra of the fabricated MNPs as they proceed
through the synthesis. Figure 1 is the Au MNPs before further synthesis; this is considered as the
benchmark spectra. Figure 2 shows the spectra as silver is progressively grown onto Au MNPs.
Figure 3 shows the spectra of doping the Au/Ag MNP structure with sulfur. Figure 4 is the final
product spectra of Au MNPs after ion exchanging the Ag2S shells with Cd or Zn.

Figure 1: Au MNPs Spectra
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Figure 2: Au/Ag MNP Growth Spectra

700

800

Figure 3: Au/Ag MNP Sulfur Doping Spectra
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Figure 4: Au/Ag2S Ion Exchanged Spectra

Figures 5 through 9 are TEMs of the MNP core/shell structures produced throughout the
synthesis. Figures 8 and 9 show the structures after ion exchanging with Zn and Cd, respectively.
Figure 5: Au MNP TEM

Figure 6: Au/Ag MNP TEM

Lattice Fringes

Figure 7: Au/Ag2S MNP TEM
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Figure 8: Au/ZnS MNP TEM
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Figure 9: Au/CdS MNP TEM
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Discussion
The benchmark spectra of Au MNPs (Figure 1) show a well defined Au plasmon peak at
~525nm , indicating a relatively high degree of uniformity to the Au MNP core diameters. TEM
(Figure 5) supports this assumption, as it can be seen that the MNPs are fairly uniform.
Figure 6 shows that a Ag shell is present around the Au MNPs after Step 2 in the
synthesis, matching images of others xv research into Au/Ag nanostructures. This indicates that
viable data can be extracted from UV/VIS (Figure 2). Figure 2 shows a continuous blue shift of
the Au plasmon peak and the appearance of a Ag plasmon peak. The longer the shell was
allowed to grow, the more blue shifted the Au peak and the more intense the Ag peak became.

Thus, it can be said that the stronger the Ag peak and blue shifted the Au peak, the thicker the
shell of Ag around the Au, similar to spectra of others findings xv. It was found through TEMs of
experimentation that a blue shift of about 40nm for the Au plasmon peak corresponded to
approx. 2-3 monolayers of Ag. Note: some discrete Ag is produced from this step and thus
cleaning the solution will mildly decrease the Ag plasmon peak, but it will remain well defined.
TEM (Figure 7) shows that the Ag shell is doped with sulfur, as the MNPs no longer
display lattice fringes in the shell (conversion from a crystalline lattice to an amorphous lattice),
identical to published results xvi. This indicates that the addition of sulfur into a solution of Au/Ag
does not result in any dominant side reactions. The UV/VIS spectra (Figure 3) from growing this
Au/Ag MNP with sulfur doped in the Ag shell observed a decrease in the Ag and Au plasmon
peak and a red shifting of the Au plasmon peak as more sulfur was added. The decrease and
bleaching out of the Ag plasmon peak is also identical to literature results xvi. This is strong
evidence for the successful doping of the Ag shell with sulfur and that it is possible to monitor
the amount of doping through UV/VIS of the Ag and Au plasmon peaks. Note: it is possible that
the Au is doped to some extent. Previous experiments have shown that Au MNPs will red shift
when doped with sulfur, but the Au peak bleaches out before returning to it’s original position of
525nm and a strong peak past 600nm does not appear, so it is safe to assume the Au is not doped
(at least appreciably, a slight peak begins to become defined).
The last step involved exploiting the common knowledge that Zn and Cd have an
intensive affinity for sulfur over any other element besides Au; therefore, Zn or Cd ion exchange
with Ag should be chemically favored. Figure 8 and 9 shows that after adding in the Cd and Zn
solutions for ion exchange, the lattice of the shells on the MNPs have changed again. The shell
now demonstrate a crystalline lattice instead of an amorphous lattice (lattice fringes reappear).

The UV/VIS spectra (Figure 4) collected from these MNPs show a red shifting of ~50-100nm
from the original ~525nm Au plasmon peak; it is currently not understood what the reason for
this red shift is. The red shift can be used as an indication of a successful ion exchange. It should
also be noted that a Ag plasmon peak, is not reappearing, so sulfur is not removing itself form
the lattice to form ZnS/CdS (no ZnS or CdS peaks either). Furthermore, a compilation of the
TEMs (Figures 5-9) show a preservation of the core structure through each step of the synthesis.
Therefore, the present information suggests that Au has been successfully encapsulated nonepitaxially in a shell, with a high degree of uniformity to the core/shell structures created, and is
ready to be applied to photovoltaic thin films to test enhancement.
Potential Further Research
For further work, it is suggested to devise a stricter method of growing the shell around
the Au MNPs. This method used is shown to be reliable up to the Au/Ag method. But, when
doping with sulfur takes place, it is hard to prevent core pollution, which may be partly
responsible for the red shift observed by the end of the synthesis. Additionally, the Au/Ag2S ion
exchange is somewhat unreliable. It has not been confirmed that the shells were pure ZnS or CdS
and it is entirely possible that ‘islands’ of Ag2S may still exist in the shell at the interface with
Au. This would allow the Au to remain attached to the shell through an Ag2S pillar, as this
compound is capable of binding to Au and ZnS/CdS. This could potentially enhance the bleeding
affect to a certain extent, as excitons would only need to travel through one layer of shell instead
of two plus free space. To what extent this would affect performance in a photovoltaic thin film
is unknown, but it is suggested to explore this if the results in absorbance enhancement are less
that anticipated. Additionally, TEMs showed an inconsistent shell thickness (not a sphere,
sometimes an oval). This could be malignant, but it would still be desirable to have as uniform

shells as possible.
Secondly, it is also suggested to explore silver core MNPs (plasmon peak is more blue
shifted, as seen in Figure 1) or an alloy of Au/silver to tune the plasmonic peak. As Figure 3
showed, a large red shift in the Au spectra is observed after the ion exchange to create the shell,
and PbS QDs absorb much more heavily in the blue area of the spectrum. To maximize the
potential energy production from a thin film that has been enhanced with plasmon resonance
through the core/shell method, the peak would be desired to be on resonance and as high energy
as possible.
References
i

Upadhyaya, A., Ebong, A., Kim, D. S., Yelundur, V., Rounsaville, B., Upadhyaya, V., Tate, K. and
Rohatgi, A., “High efficiency mono-crystalline solar cells with simple manufacturable technology”,
Proceedings of the 21st European Photovoltaic Solar Energy Conference, Dresden – Germany, Sept 4-8,
2006.
ii

A. G. Pattantyus-Abraham, I. J. Kramer, A. R. Barkhouse, X. Wang, G. Konstantatos, R. Debnath, L.
Levina, I. Raabe, M. K. Nazeeruddin, M. Graetzel, E. H. Sargent, Depleted-Heterojunction Colloidal
Quantum Dot Solar Cells. ACS Nano, vol. 4, pp. 3374-3380, 2010.
iii

Morfa, A. J.; Rowlen, K. L.; Reilly, T. H.; Romero, M. J.; van de Lagemaat, J.: Plasmon-enhanced solar
energy conversion in organic bulk heterojunction photovoltaics. J. Appl. Phys. Lett. 2008, 92, 013504.

iv

Oulton, R. F.; Sorger, V. J.; Zentgraf, T.; Ma, R. M.; Gladden, C.; Dai, L.; Bartal, G.; Zhang, X.:
Plasmon lasers at deep subwavelength scale. Nature 2009, 461, 629.
v

Kwon, M. K.; Kim, J. Y.; Kim, B. H.; Park, I. K.; Cho, C. Y.; Byeon, C. C.; Park S. J.: Surfaceplasmon-enhanced light-emitting diodes. Adv. Mater 2008, 20, 1253.
vi

Achermann, M.: Exciton-Plasmon Interactions in Metal-Semiconductor Nanostructures. J. Phys. Chem.
Lett. 2010, 1, 2837.

vii

Vasa, P.; Pomraenke, R.; Schwieger, S.; Mazur, Y. I.; Kunets, V.; Srinivasan, P.; Johnson, E.; Kihm, J.
E.; Kim, D. S.; Runge, E.; Salamo, G.; Lienau, C.: Coherent Exciton-Surface-Plasmon-Polariton
Interaction in Hybrid Metal-Semiconductor Nanostructures. Phys. Rev. Lett. 2008, 101, 116801.
viii

Gόmez, D. E.; Vernon, K. C.; Mulvaney, P.; Davis T. J.: Surface Plasmon Mediated Strong
Exciton−Photon Coupling in Semiconductor Nanocrystals. Nano Lett. 2010, 10, 274.

ix

Carbone, L.; Jakab, A.; Khalavka, Y.; Sonnichsen, C.: Light-Controlled One-Sided Growth of Large
Plasmonic Gold Domains on Quantum Rods Observed on the Single Particle Level. Nano Lett. 2009, 9,
3710.
x

Mokari, T.; Costi, R.; Sztrum, C. G.; Rabani, E.; Banin, U.: Formation of symmetric and asymmetric
metal–semiconductor hybrid nanoparticles. Phys. Stat. Sol. B 2006, 243, 3952.

xi

Costi, R.; Saunders, A. E.; Banin, U.: Colloidal Hybrid Nanostructures: A New Type of
Functional Materials. Angew. Chem. Int. Ed. 2010, 49, 4878.
xii

Zhang, J.; Tang, Y.; Lee, K.; Ouyang, M.: Nonepitaxial Growth of Hybrid Core-Shell
Nanostructures with Large Lattice Mismatches. Science 2010, 327, 1634.

xiii

Shi, W.; Zeng, H.; Sahoo, Y.; Ohulchanskyy, T. Y.; Ding, Y.; Wang, Z. L.; Swihart, M.;
Prasad, P. N.: A General Approach to Binary and Ternary Hybrid Nanocrystals. Nano Lett. 2006,
6, 875.
xiv

Kim, H.; Achermann, M.; Balet, L. P.; Hollingsworth, J. A.; Klimov, V. I.: Synthesis and
Characterization of Co/CdSe Core/Shell Nanocomposites: Bifunctional Magnetic-Optical
Nanocrystals. J. Am. Chem. Soc. 2005, 127, 544.
xv

Zhang, Jiatao.; Tang, Yun.; Weng, Lin.; Ouyang, Min.: Versatile Strategy for Precisely Tailored Core@Shell
Nanostructures with Single Shell Layer Accuracy: The Case of Metallic Shell. Nano Letters 2009 9 (12), 4061-4065.
xvi

Chen, Rui.; Nuhfer, Noel T.; Moussa, Laura.; Morris, Hannah R.; Whitmore, Paul M.: Silver sulfide nanoparticle
assembly obtained by reacting an assembled silver nanoparticle template with hydrogen sulfide gas.
Nanotechnology 19 (2008) 455604 (11pp).

